Multipotent trophoblasts undergo dynamic morphological movement and cellular 27 differentiation after embryonic implantation to generate placenta. However, the 28 mechanism controlling trophoblast development and differentiation during 29 peri-implantation development remains elusive. In this study, we modeled human 30 embryo peri-implantation development from blastocyst to early post-implantation 31 stages by using an in vitro coculture system, and profiled the transcriptome of 32 individual trophoblast cells from these embryos. We revealed the genetic networks 33 regulating peri-implantation trophoblast development. While determining when 34 trophoblast differentiation happens, our bioinformatic analysis identified T-box 35 transcription factor 3 (TBX3) as a key regulator for the differentiation of 36 cytotrophoblast into syncytiotrophoblast. The function of TBX3 in trophoblast 37 differentiation is then validated by a loss-of-function experiment. In conclusion, our 38 results provided a valuable resource to study the regulation of trophoblasts 39 development and differentiation during human peri-implantation development. 40 41 Keywords： Single-cell RNA sequencing, Peri-implantation embryo development, 42 Trophoblasts differentiation, TBX3 43 44 Background 45 The placenta is the interface between the fetal and maternal circulation, and plays 46 an essential role in supporting fetus development and survival. Most placental 47 functions are carried out by trophoblasts, which are derived from the trophectoderm 48 (TE) in blastocysts [1]. After implantation, the trophectoderm becomes multipotent 49 trophoblast stem cells, proliferate and differentiate into distinct trophoblast 50 sublineages, including cytotrophoblast (CT), extravillous cytotrophoblast (EVT) and 51 syncytiotrophoblast (ST) [2].
within a gene module (kME > 0.8, P<0.05) and have co-expression relationship with 150 many other genes, therefore could have critical regulatory functions. We found that 151 many hub genes are related to critical placental function. For example, EMP2 was a 152 hub gene in the early-stage network. Emp2-deficiency in mice causes aberrant 153 placental angiogenesis [16] . ESRRG was identified as a hub for the late-stage network, 154 and abnormal reduction of ESRRG expression in human placenta is associated with 155 intrauterine growth restriction and pre-eclampsia [17] . These results suggested many 156 WGCNA hub genes are potential key regulatory genes for early placental 157 development. together contain all cells from day 9, day 10, and a few cells from earlier days. By 166 examining the expression of previously defined sublineages marker genes, we found 167 that EVT or ST markers highly expressed in Cluster 2 or 5, whereas Cluster 4 168 co-express CT and EVT marker genes similar to Cluster 1 (Figure 4C ). We then 169 identified genes that were specifically expressed in Cluster 2, 4 and 5. We found that 170 many ST marker genes, such as HSD3B1, CYP19A1, SDC1, ERVW-1 (Syncytin-1), 171 ERVV-1, CGA and CGB, were specifically highly expressed in Cluster 5. CT markers, 172 such as ITGA6 and FZD5, were specifically expressed in Cluster 4. A few EVT 173 marker genes such as MMP2 were specifically highly expressed in Cluster 2 (Figure We then tried to determine when EVT and ST were established in embryos. We 180 found that ST first appears in cocultured embryos at day 7, even though at a very low 181 percentage (1 out of 60 cells). ST cells then become more abundant at day 8 (16 out of 182 168 cells) ( Figure 4E ). Immunostaining showed that hCGβ positive cells can be 183 detected as early as day 7, and become more abundant at day 8 (Figure 4F) . These 184 results suggested that ST cells first occur after day 7, and become more abundant after 185 day 8. Similarly, we found EVT cells were absent in all of the day 7 embryos but 186 appear at day 8, indicating EVT were generated after day 7 (Figure 4E) . Taken 
Single-Cell Bifurcation Analysis Using the Variance of Gene Expression (SCBAV)

191
Identifies TBX3 as a Novel Master Regulator for Trophoblast Differentiation
192
The ST is an important trophoblast sublineage that forms the primary barrier 193 between maternal and fetal circulation and synthesize hormones vital for pregnancy.
194
The ST is derived from multipotent trophoblasts within TE and CT. Previous studies 195 using mature placentas and cell lines have demonstrated that many regulatory factors 196 and pathways have been reported to be linked with the human ST formation [18] [19] [20] [21] .
197
However, these results must be interpret carefully, because these in vitro 198 differentiation models may not perfectly recapuliate the mechanism for trophoblast 199 differentiation in vivo.
201
Our data provided a unique opportunity to study how trophoblast differentiation 202 is regulated in vivo, especially during early placenta development. It is generally 203 accepted that the mechanism underlying a cell-fate decision event can be summarized 204 by a hieratical model: a small number of "master" regulators, such as transcriptional 205 factors, were stochastically activated in a subset of cells before cell-fate decision due 206 to environmental fluctuations or random variation of transcriptional network. These 207 master regulators then activate a larger number of cell-type specific genes, which 208 initiate the fate transition and confer cell-type specific function. The identification of 209 the master regulator can be a critical step for understanding the molecular mechanism controlling the trophoblast differentiation. However, the lack of a computational 211 method that can systematically identify master regulators underlying a cell fate 212 decision event poses a major challenge for our analysis.
214
To identify the master regulator genes that drive the cell fate transition from 215 multipotent trophoblast to ST, we designed single-cell bifurcation analysis using 216 variance of gene expression (SCBAV), a computational strategy that can systemically 217 screen for master regulators using time-serial scRNA-seq data (Figure S4A) . Briefly,
218
SCBAV first reconstruct a cell development trajectory from scRNA-seq data. A cell 219 type transition will be represented as a bifurcation event in the trajectory. SCBAV then 220 screen the master regulator underlying a bifurcation event according to gene 221 expression level and variation. Transcription factors that are highly variable before 222 bifurcation, and significantly differentially expressed in two lineages after bifurcation 223 are likely to be the master regulator. By applying SCBAV on our trophoblast cells 224 dataset, we identified a bifurcation event that happens after day 8 (Figure S4B-S4C) . 225 CT and EVT markers were highly expressed in one lineage after bifurcation, while ST 226 markers were greatly upregulated in the other lineage (Figure S4D-S3I ). This 227 bifurcation, therefore, captured the cell-fate segregation of ST from CT and EVT.
228
SCBAV found 26 putative master regulators driving this bifurcation. Among them,
229
TBX3 is the transcription factor that was ranked as the most top by both of two master 230 regulator screening criteria (Figure S4J-S4L ). TBX3 is highly expressed in embryos 231 at day 8 ( Figure S5) . Taken together, these results suggested TBX3 could be a master 232 regulator controlling multipotent trophoblast differentiation into ST. The generation of ST can be characterized by cell fusion and ST marker gene expression [20, 22] . In control JEG-3 cells that were not treated by 8-Br-cAMP, the 241 cell fusion ratio was less than 1%, and ST marker hCGβ expression was almost 242 undetectable, indicating ST generation before treatment is minimal ( Figure 5A which is consistent with the existence of polar and mural TE at day 7 ( Figure 6A ). We 292 then sought to investigate the relationship between polar and mural TE and the 6 293 subpopulations we identified above. We found that polar TE markers were lowly 294 expressed in all day 6 cells and day 7 non-cocultured cells, and moderately expressed 295 in CT cells at different developmental day. Interestingly, polar TE markers were 296 significantly upregulated in differentiated trophoblasts, including EVT and ST 297 ( Figure 6B) . These results showed that polar TE markers were upregulated in 298 differentiated trophoblast cells, suggesting that trophoblast differentiation was first 299 initiated in polar TEs.
Discussion
302
Trophoblasts undergo magnificent morphological movement and cellular changes 303 after implantation. In this study, by profiling over 500 single cells in 19 embryos 304 generated using a coculture system, we reconstruct the transcriptome dynamics of 305 trophoblasts through blastocyst to early post-implantation stages (Figure 7) . Our 
